For improvement of prediction of acoustics waves from a rocket plume, validation studies of numerical simulation are performed using experimental data of acoustics waves from subscale rocket motors, and prediction accuracy of numerical simulation is discussed. Experimental data of flow and acoustics fields of a solid motor and a H2-AIR liquid motor are used as the reference. The computational results of the far-field OASPL agree with experimental data within the error of approximately 5dB. The result shows that the current numerical methods well predict Mach waves at downstream side even though the results of far-field PSD are slightly overestimated. Meanwhile, it is difficult to capture shock associated acoustic waves and fine-scale turbulence acoustic waves at upstream side and the results of far-field PSD are underestimated. In addition, difference between single and multicomponent in the computational results is also small.
Introduction
It is well known that the rocket plume of a hot supersonic jet condition generates very strong acoustic waves which might be harmful to the payload inside the fairing of the rocket. Thus far, the empirical prediction model which is based on the database of free jets has been adopted to predict the intensity of acoustic waves. 1, 2) Because of the empiricism of the prediction model, its prediction accuracy is significantly limited and it is difficult to quantitatively predict the intensity of acoustic waves, especially in the new launch site. Thus, a more accurate prediction model which is based on the physical model of acoustic waves is preferred. For this reason, it is necessary to understand the physical mechanism of acoustic wave generation. The acoustic waves generated by a supersonic jet can be decomposed as shown in Fig. 1 , 3) and the strong component is "acoustic waves from large-scale turbulent structure," which is so-called "Mach wave." In this study, the acoustic waves from the large-scale turbulent structure is focused on.
Recently, high fidelity numerical simulations, i.e. large-eddy simulations or direct numerical simulations, are becoming to accurately capture the acoustic waves from a supersonic jet. [4] [5] [6] [7] This kind of numerical simulations seems to be useful to understand the physical mechanism of generation of the acoustic waves, because the numerical simulation provides the high resolution unsteady data of flow fields. 8) However, the reliability of the numerical simulation for the acoustic waves from a supersonic hot jet, like a rocket plume, has not been well assessed. Therefore, in this study, the validation study of the numerical simulation is conducted using solid and H2-AIR liquid motors. In addition, in this paper, the effects of modeling of the rocket plume, i.e. single gas-component or multiple(two)-gas-component modeling, and effects of reflection at the wall are discussed based on the results. 
Experiment Data
The experimental data of the liquid and solid rocket motors used in this paper is briefly presented in this section.
Liquid rocket motor
The specification of the liquid rocket motor is described in this subsection. Geometric parameters are as follows: the nozzle diameter D is set to be 60 [mm] , and the distance from ground to the nozzle L is set to be 3 [m] . The jet conditions are as follows: the exit jet velocity of the jet is 1,800[m/s], the exit pressure is 3 [MPa] , and the massflow rate is 1190 [g/s]. The molecular weights and the specific heat ratio of the working fluid of the jet is 29.0 and 1.3, respectively.
The microphones are located at r=50D from the nozzle exit, as shown in Fig. 2 . In this measurement, totally 11 microphones are employed for data acquisition. The angle of each microphone is shown in Table 1 .
The distance from nozzle to the ground is long enough for the flow field and a free jet analysis seems to be good approximation for flow fields. Additionally the acoustic waves are not significantly reflected at the ground because we set the absorber at the ground. Therefore, we do not consider the acoustic wave reflection at the ground in this case. 
Solid rocket motor
The specification of the solid rocket motor is described in this subsection. Geometric parameters are as follows: nozzle the diameter D is set to be 42.9 [mm] , and the distance from ground to the nozzle L is set to be 2 [m] . The jet conditions are as follows: the exit jet velocity of the jet is 2,300[m/s], the exit pressure is 9 [MPa] , and the massflow rate is 450 [g/s]. The molecular weights and the specific heat ratio of the working fluid of the jet is 26.4 and 1.17, respectively. The microphones are located at r=75D from the intersection point of the jet axis and the ground, as shown in Fig. 3 . In this measurement, totally 10 microphones are employed for data acquisition. The angle of each microphone is shown in Table 2 .
The distance from nozzle to the ground is long enough for the flow field and a free jet analysis seems to be good approximation for flow fields, also in this case. However, the acoustic waves are significantly reflected at the ground because no absorber is used at the ground. Therefore, we consider the acoustic wave reflection effects as discussed later. 
Parameters of Jets, and Modeled Flow Condition
Air and mixed jet gases are used for the working fluid in the present analysis. The two type of simulations are conducted: one is computation with the single-component-gas modeling in which the ambient gas is assumed to be the same as the jet gas, and the other is computation with the multi-component-gas modeling in which the ambient gas is assumed to be air.
Four jet parameters are employed to describe the jet condition: the ideally expanded Mach number, the nozzle exit Mach number, the Reynolds number, and the temperature ratio.
The ideally expanded Mach number is determined only by the ratio of pressures at the chamber and ambient, as follows:
Here, subscripts J, , c denote the ideally expanded condition, ambient condition, and the chamber condition, respectively, and u, p, a are the velocity, the pressure, the speed of sound, and the specific heat ratio. 
Here, , T, D, are the density, the viscosity, the temperature, and the nozzle diameter, respectively. In this study, the Reynolds number is set to 10 5 which is lower than the actual value, to reduce the computational costs. Insensitivity of the Reynolds number on the qualitative characteristics of the Mach wave emission has been well investigated. Note that, if we compute with the actual Reynolds number, such as 10 6 to 10 8 , required computational resources becomes 100 to 1000 times higher than the present computation, and it seems to be almost impossible with the present computational environments.
The jet parameters of the liquid and solid rocket motors are shown in Tables 3 and 4 , respectively. The jet profile at the nozzle exit is shown in Fig. 4 . Here, r denotes the distance from the center of the nozzle. In this study, the very thin shear-layer (on the 4 computational points) is employed, which promotes the instability of the shear layer. Therefore, any artificial forcing on the shear layer is not applied.
The sound pressure level and Strouhal number are defined as follows: 
Numerical Methods
The large-eddy simulation is conducted to predict the acoustic waves from the rocket plume. As discussed before, the free jet is assumed for the fluid analysis because the ground is far enough for the jet flow. In the far-field acoustic wave prediction using a Kirchhoff method, the acoustic wave reflection is not considered in the case of a liquid rocket motor because absorber is used in the experiment, while it is considered when the far-field acoustic waves are predicted by Kirchhoff method in the case of a solid rocket motor.
With regard to the fluid analysis, following numerical methods are employed. The governing equations are the three-dimensional Navier-Stokes equations, which is normalized by the density of the ambient condition, the sound speed of ambient condition and the diameter of the exit nozzle, and mass-fraction equation. These equations are solved in the curvilinear coordinate system. The modified weighted compact nonlinear scheme (WCNS) [9] [10] [11] is employed for discretization of advection terms. In the flux evaluation procedure of WCNS, simple high-resolution upwind scheme (SHUS) 12) is employed. A sixth-order central difference scheme is employed for discretization of viscous terms. With regard to the time integration, a second order backward difference scheme which is converged by the alternate-directional implicit symmetric Gauss-Seidel (ADI-SGS) scheme 13) is employed. In the case of computation of multiple-gas-component modeling, the mass-fraction equation is solved with the conservative form which generates spurious numerical errors, but we try to minimize the error using the primitive variable interpolation. 14) In this framework, we can conserve the mass of different species with minimum error. With regard to the turbulence modeling, the explicit subgrid model is not used, thus the modeling of the present computation is categorized into monotonically integrated large eddy simulation (MILES). 15) For the sound pressure evaluation, the pressure fluctuation is directly sampled as sound pressure inside the resolved region, and it is evaluated by the frequency domain Kirchhoff method based on the surface pressure data at the outside boundary of the resolved region.
16) The acoustic waves from a free jet is simply considered for the liquid rocket motor, while reflection waves from the ground is considered for the solid rocket motor. With regards to the solid rocket motor, a mirror image of Kirchhoff integral surface under the ground is also considered and integration is conducted over real and mirrored Kirchhoff surfaces to include the effects of reflection waves, as shown in Fig. 5 . This assumption is corresponding to the perfect reflection at the ground. In this paper, the effects of reflection waves are included in this way. Figure 6 shows the computational region. The computational region consists of a resolved region and a buffer region. Flow and acoustic waves are resolved by the computational scheme in the resolved region, and they are intentionally dumped by the stretched grid in the buffer region. 17) Figure 7 shows the computational grid. The total number of grid points is approximately 10 million points. The grid convergence study is also conducted with the grid of 30 million points, and the difference in overall SPL (OASPL) distribution of the fine and coarse grids is found to be less than 2dB. In the present paper, only the results with the grid of 10 million points are shown. 
Results

Results of the liquid rocket motor
In this section, the experimental and computational data of the liquid rocket motor are compared and discussed. As noted before, two types of computations are conducted: the computation with single-gas-component modeling in which the ambient gas is the same as the jet gas, and the computation with the multiple-gas-component modeling in which the ambient gas is different from the jet gas. Figure 8 shows the instantaneous flow fields obtained by computation. Figure 8 clearly illustrates the existence of the Mach waves in both cases. Moreover, the relevant reflection is not observed in the boundary of resolved region (which corresponds to the boundary of Fig. 8) , which shows the buffer region suppresses the reflection as similar to the previous work. 6, 7) Then, the directivity of OASPL is discussed. Figure 9 shows the directivity at the far-field. Computation predicts the sound pressure level within the error of 5 [dB] . The OASPL of computational results are higher than that of experimental data. This trend is clearly observed in low angle region in which the Mach wave emission might be dominant. This is possibly because the strength of thee Mach wave which is generated by the large scale structure is overestimated in the computation. This might be caused by the overestimation of turbulence structure due to the lack of the inflow disturbance, similar to the subsonic jet computed by Bogey et al. 18) Next, the frequency characteristics of the sound pressure at far fields are discussed. Figure 10 shows the power spectral densities (PSDs) of the sound pressure at far-fields. Here, Figs. 10(a) and 10(b) are PSDs at the downstream and upstream sides, respectively. The PSD at the downstream side is much affected by the Mach wave which is obliquely propagated to the downstream side, and the PSD at the upstream side is much affected by the fine scale turbulent noise which is omnidirectionally propagated and is clearly observed in the region where the Mach wave is not observed. 19) Using the data at the both location, the prediction accuracy for the PSD is discussed. Comparing the experimental and computational data, the computation well predicts the frequency characteristics qualitatively. More quantitatively, the SPL of the computation is overpredicted at the downstream side ( Fig.  9(a) ). This is because the Mach wave strength is overestimated in the computation as discussed before. Moreover, the SPL of the computation is underpredicted at the upstream side (Fig. 10(b) ). This is because the fine scale turbulence are not resolved well due to the insufficient grid resolution.
Finally, the difference in single-gas and multiple-gas-component is discussed. Figures 9 and 10 show that the difference in the predicted SPL is less than 2[dB], and this clarifies that the effects of taking the difference of gas components into account on the directivity and the frequency characteristics are small. 
Results of the solid rocket motor
In this Section, the experimental and computational data of the solid rocket motor are compared and discussed, similar to the liquid rocket motor. Also in this computation, two type of computation are conducted: the computations with the single-gas-component modeling and multiple-gas-component modeling. Figure 11 shows the instantaneous flowfields obtained by computation. Figure 11 clearly illustrates the existence of Mach waves in both cases, where the Mach wave is much stronger than those of the liquid rocket motor. Again, the relevant reflection is not observed in the boundary, which shows the buffer region suppress the reflection well.
The directivity of OASPL is discussed. Figure 12 shows the directivity at the far-field. It should be noted that those OASPL data includes the reflected acoustic waves by the ground. In the computation, this effects are taken into account when the Kirchhoff method is applied as discussed before. Here, the SPL of the computational results agree well with that of the experimental data with the maximum error of 5 [dB] . The frequency characteristics of the sound pressure at far fields are discussed. Figure 13 shows the power spectral densities (PSDs) of the sound pressure at far-fields. Here, Figs. 13(a) and 13(b) are PSDs at the downstream and upstream sides, respectively. Comparing the experimental and computational data, the computation well predicts the frequency characteristics within the error of 5 [dB] . The SPL of the computation is overpredicted at the downstream side ( Fig.  13(a) ). This is again because the Mach wave strength is overestimated in the computation as discussed before. The SPL of the computation is underpredicted at the upstream side ( Fig. 13(b) ). This is also because the fine scale turbulence are not resolved well due to insufficient grid resolution.
In this problem, data contains the reflection effect. This effect is decomposed. Figure 14 shows the far-field OASPLs computed by the direct wave only, by the reflected wave only, and by the both the direct and reflected waves, respectively. The reflection effects are strong at near the ground and the upstream regions. This result shows that the reflected wave takes a part at near the ground and upstream regions. It is important to consider the reflection wave at those region when the similar configuration is adopted.
In this case, the difference in single-gas and multiple-gas-component modeling is also investigated and the effects of gas components on the directivity and the frequency characteristics are found to be small. 
Conclusions
In the present study, the computational prediction of the acoustic waves from liquid and solid motors are compared with experimental data, and its reliability is discussed. In addition, the modelling of single-gas/multiple-gas-component gases and effects of reflection are also discussed in this framework. As a result, the OASPL of the computational data agrees well with that of the experimental data within the 5dB error, and the computational data can provide the qualitative data of the frequency characteristics. The results also indicate that the computation can predict the Mach wave which is generated from the large scale structure of turbulence, while it is difficult to predict the acoustic wave at the upstream side which might be generated by the fine scale turbulent structure and the shock turbulent interaction.
Moreover, the present results illustrate that the modelling of gas component does not significantly affect the result, and that the reflection effect is significant at near the ground and upstream regions in the present condition of the experiment of the solid motor. 
